The cerebral neocortex is segregated into six horizontal layers, each containing unique populations of molecularly and functionally distinct excitatory projection (pyramidal) neurons and inhibitory interneurons. Development of the neocortex requires the orchestrated execution of a series of crucial processes, including the migration of young neurons into appropriate positions within the nascent neocortex, and the acquisition of layer-specific neuronal identities and axonal projections. Here, we discuss emerging evidence supporting the notion that the migration and final laminar positioning of cortical neurons are also co-regulated by cell type-and layerspecific transcription factors that play concomitant roles in determining the molecular identity and axonal connectivity of these neurons. These transcriptional programs thus provide direct links between the mechanisms controlling the laminar position and identity of cortical neurons.
Introduction
The cerebral cortex, an extensive sheet of neural tissue at the most superficial part of the cerebral hemispheres, is involved in a variety of higher cognitive, emotional, sensory and motor functions. The emergence of a six-layered neocortex, the phylogenetically most recent part of the cerebral cortex, and its extensive projections to subcortical regions are key features of mammalian evolution. The ability of the neocortex to mediate complex cognitive and motor tasks depends on the accurate execution of molecular processes that control the identity and positioning of neurons and the formation of their precise synaptic connections during development. The incorrect formation of neocortical organization and circuitry might lead to cognitive impairments and increased susceptibility to major psychiatric and neurological disorders (Valiente and Marín, 2010; Liu, 2011; Manzini and Walsh, 2011; Rubenstein, 2011) .
The neocortex is composed of six horizontal layers (L1-L6; see Glossary, Box 1) that are cytoarchitectonically and functionally distinct. Each layer contains a unique subset of neurons ( Fig. 1) , including glutamatergic excitatory projection (pyramidal) neurons (see Glossary, Box 1) and GABAergic inhibitory interneurons (see Glossary, Box 1) (Jones, 1986; DeFelipe and Farinas, 1992) . Furthermore, the projection neurons of L2-L6 exhibit marked layerand subtype-specific differences in their molecular expression and axon projections (DeFelipe and Farinas, 1992; O'Leary and Koester, 1993; Molyneaux et al., 2007) . For example, corticofugal axons targeting subcortical structures arise solely from deep-layer (L5 and L6) and subplate (SP; see Glossary, Box 1) neurons, whereas upper-layer (L2-L4) neurons project within the cortex, either intra-hemispherically or contralaterally, mostly via the corpus callosum (see Glossary, Box 1). In addition to projection neurons, interneurons of distinct lineages and morphological, neurochemical and electrophysiological subtypes also populate the neocortex with certain layer preferences, thus contributing to layer differences in local circuits (Markram et al., 2004; Miyoshi et al., 2007; Miyoshi and Fishell, 2011) . Although this review is focused on the layered horizontal organization of the neocortex, it should be noted that the neocortex is also tangentially organized into cytoarchitectonically and functionally distinct areas (Rakic, 1988; Rash and Grove, 2006; O'Leary and Sahara, 2008) .
The emergence of laminar-dependent patterns of functional neocortical connectivity depends on two crucial early developmental processes: (1) the migration of neurons to their final position within the nascent neocortex; and (2) the acquisition of distinct neuronal identities and connections. The molecular mechanisms that regulate these developmental processes are being unraveled and remain a highly active area of research (Marín and Rubenstein, 2003; Rash and Grove, 2006; Wonders and Anderson, 2006; Molyneaux et al., 2007; Leone et al., 2008; Batista-Brito and Fishell, 2009) . A number of transcription factors have been shown to play important roles in many aspects of neocortical development, including early patterning, neurogenesis and arealization (Monuki and Walsh, 2001; Hevner et al., 2006; Mallamaci and Stoykova, 2006; Guillemot, 2007; Hébert and Fishell, 2008; O'Leary and Sahara, 2008) . Here, we review emerging evidence that points to the concomitant control of neuronal positioning and acquisition of laminar and projectional identity by cell type-and layer-specific transcriptional programs in the mammalian neocortex. We also discuss the potential downstream pathways mediating the roles of these transcriptional programs, and how they might co-regulate distinct processes of neocortical development.
Neuronal generation and migration in the cerebral cortex

The generation of neocortical projection neurons
Cortical projection neurons are born in the dorsal germinal zones of the telencephalon, the ventricular and subventricular zones (VZ and SVZ; see Glossary, Box 1) (Angevine and Sidman, 1961) . They then undergo radial migration through the intermediate zone (IZ; see Glossary, Box 1), guided by radial glial cells (RGCs; see Glossary, Box 1), to reach their final destination in the mantle layers ( Fig. 2) (Rakic, 1988) . Starting at around embryonic day (E) 10.5 in mouse, the earliest generated cortical neurons form the Box 1. Glossary Cajal-Retzius cells. Located in the MZ, these neurons are some of the first to mature in the neocortex and are the main source of reelin, a secreted protein important for normal cortical lamination. Corpus callosum. A large collection of intracortical axonal projections connecting the left and right cerebral hemispheres and that arises mostly from projection neurons of the upper layers. Cortical plate (CP). A cell-dense structure that contains postmigratory projection neurons. It is formed as projection neurons split the PP and is expanded as L2-L6 neurons migrate into the CP in a sequential manner. During later periods of development, CP may refer to the cell-dense upper layers. Ganglionic eminences. Transient structures in the embryonic ventral forebrain that serve as the source of striatal neurons and cortical interneurons. The ganglionic eminences are subdivided based on their location (caudal, CGE; lateral, LGE; medial, MGE) and each eminence preferentially gives rise to certain subtypes of cortical and other forebrain interneurons.
Intermediate zone (IZ).
A relatively cell sparse zone through which projection neurons migrate radially to reach the CP. The IZ also contains tangentially migrating interneurons and afferent and efferent axons that form the white matter of the postnatal neocortex. Interneurons. Constituting ~20% of cortical neurons, these inhibitory (GABAergic) interneurons mostly project axons within a local circuit. They are highly diverse in morphology, neurochemical marker expression, electrophysiological properties and axonal targeting of projection neuron compartments. Layers 2 and 3 (L2/L3). Contain projection neurons that project intracortically and contribute significantly to the corpus callosum. L2 and L3 together are termed the supragranular layers (whereas L2-L4 are considered to be the upper layers of the neocortex). Layer 4 (L4). Contains pyramidal and spiny stellate (granule) neurons and is the main recipient layer of thalamocortical axons that relay sensory information. L4 is also termed the granule layer of the neocortex. Layer 5 (L5). Contains large projection neurons that form the vast majority of subcerebral axons, including those of the corticobulbar, corticospinal, corticotectal and corticopontine tracts. The collateral axons of L5 neurons also innervate the striatum and thalamus. Layer 6 (L6). Contains projection neurons that contribute significantly to the corticothalamic tract. Together, L5 and L6 are termed the deep or subgranular layers of the neocortex. Marginal zone (MZ)/Layer 1 (L1). The MZ (which becomes L1 in the postnatal cortex), the most superficial cortical layer, is split from the SP during segregation of the PP. Developmentally, it serves as a corridor for the tangential migration of interneurons and it contains Cajal-Retzius neurons. Preplate (PP). A transient cell-dense structure, which was formerly termed the early MZ or primordial plexiform layer, that contains some of the earliest-born cortical neurons. It is split by incoming CP neurons into the superficial MZ and deep SP. Projection (pyramidal) neurons. Representing ~80% of all cortical neurons, these are excitatory (glutamatergic) projection neurons that exhibit a pyramid-shaped soma, an apical dendrite directed towards the pial surface, and multiple basal dendrites. The dendrites are decorated with spines, which are membranous protrusions that receive synaptic inputs. Projection neurons extend a single axon, which can reach long distances, either intracortically or subcortically. Radial glial cells (RGCs). RGCs serve as both the progenitor cells for cortical projection neurons and as a radial scaffold that guides migrating neurons towards the CP. With an elongated morphology that spans the cortical wall, they extend a long basal process attached to the pial surface and a shorter apical process to the ventricle. Radial glia-like cells lacking an apical process can be found in the mouse SVZ and are called the outer RGCs (oRGCs). Spiny stellate neurons. These cells, mainly residing in L4 of primary sensory areas, are locally projecting glutamatergic neurons that play a crucial role in the receipt of sensory information from the thalamus. They acquire their stellate shape via morphologic remodeling, which is likely to be activity dependent, from pyramidal neurons during the early postnatal stages. Subplate (SP). Transient developmental zone formed immediately below the forming CP, when the PP is split by incoming CP neurons. Containing early-generated neurons, the SP is thought to be important for the migration of later-born CP neurons and the guidance and targeting of cortical afferent and efferent axons. Many interneurons also migrate tangentially along the SP prior to entering the CP. Subventricular zone (SVZ). The SVZ is the secondary germinal zone of the neocortex and is thought to contribute significantly to upper layer neurons. The intermediate progenitor cells (IPC) of the SVZ are derived from VZ progenitor cells. In the postnatal neocortex, the subependymal zone (SEZ) is sometimes referred to as the SVZ. Although distinct from the embryonic SVZ, the SEZ does contain neural progenitors and serves as one of a small number of sites of postnatal neurogenesis. Ventricular zone (VZ). The VZ is the primary germinal zone of the dorsal telencephalon and contains progenitor cells that give rise to projection neurons during neurogenesis, astrocytes during gliogenesis, and ependymal cells that line the ventricles of the postnatal cerebral hemispheres. REVIEW Development 139 (9)
Migration of neocortical projection neurons
The radial migration of projection neurons towards the CP does not follow a straight-forward route and includes phases of temporary migratory arrest and retrograde migration prior to entering the CP (Noctor et al., 2004a) . During these phases, migrating neurons transition between bipolar and multipolar morphologies (Tabata and Nakajima, 2003; Kriegstein and Noctor, 2004; LoTurco and Bai, 2006) . The molecular pathways controlling distinct steps of neuronal migration and morphological transformation therein have been the focus of recent studies and several review articles (Kriegstein and Noctor, 2004; Hand et al., 2005; Ge et al., 2006; LoTurco and Bai, 2006; Kawauchi and Hoshino, 2008; Kawauchi et al., 2010; Valiente and Marín, 2010; Alfano et al., 2011; Pacary et al., 2011; Westerlund et al., 2011) . It is interesting to note, however, that mutations affecting genes that control different aspects of neuronal migration can lead to dramatic brain malformations, such as lissencephaly, and periventricular and cortical band heterotopias, highlighting the importance of the migration process. These include mutations in genes encoding cytoskeletal regulators, such as doublecortin (DCX), filamin A, alpha (FLNA), platelet-activating factor acetylhydrolase 1b, regulatory subunit 1 (PAFAH1B1, formerly LIS1), and in genes encoding tubulin subunits (TUBA1A, TUBB2B and TUBB3) (Liu, 2011; Manzini and Walsh, 2011) . Interestingly, loss of function of the mouse orthologs of FLNA or PAFAH1B1 leads to accumulation of multipolar cells in the VZ and SVZ (Nagano et al., 2004; Tsai et al., 2005) and, by contrast, DCX knockdown in rats leads to accumulation of multipolar cells in the IZ (Bai et al., 2003) . Furthermore, increases in FLNA activity enhance the multipolarto-bipolar transition, whereas overexpression of DCX increases the number of bipolar cells in the IZ (LoTurco and Bai, 2006) , highlighting the distinct requirements for efficient morphological transformations during radial migration. These changes in morphology are thought to facilitate the initial axonal protrusion of these neurons (Noctor et al., 2004b; Tabata et al., 2009) , thereby contributing to the formation of projections, and might also help trigger neuronal differentiation programs. In addition, recent studies have shown that the proper detachment of migrating neurons from their radial glial guides in the upper CP is a critical step in migration termination. This process might require the coordination of a multitude of mechanisms, including radial glia-based anti-adhesion signals, such as SPARC-like 1 (SPARCL1 or SC1), changes in neuronal response to ambient glutamate and GABA (Gongidi et al., 2004; Bortone and Polleux, 2009) , and the induction of neuronal cytoskeletal modulators, such as NCK-associated protein 1 (NCKAP1 or NAP1), which helps to convert the neuronal cytoskeleton from one that is primed to facilitate movement to one that promotes axon and dendrite outgrowth (Yokota et al., 2007b) .
These mechanisms of neuronal migration mainly control the fundamental aspects of glial-guided neuronal motility, including cell-cell interactions, cytoskeletal dynamics, leading process extension, somal translocation and migration termination. The determination of ultimate laminar position, however, depends on one of the final steps of neuronal migration: moving past older neurons. Crucial findings about this late event in cortical neuronal migration have come from studies of the cortex of Reeler mutant mice, in which newborn projection neurons fail to migrate past older neurons, arresting just below (Caviness, 1982; Rice and Curran, 2001; Tissir and Goffinet, 2003) . As a result, the partitioning of the PP by CP neurons fails and the lamination of L2- The former, the dendrites of which are decorated by numerous post-synaptic membranous protrusions termed spines (see inset), include the projection (pyramidal) neurons, the principal cells of the neocortex, and stellate neurons (see Glossary, Box 1), which are mostly found in L4 of primary sensory areas. Projection neurons display marked layer-and subtype-specific differences in the morphology of their dendrites (black) and in the targets of their axonal projections (red); neurons within the deep layers (L5 and L6) and the subplate (SP) project axons that target cortex and subcortical structures, including striatum, thalamus, brainstem and spinal cord, whereas upper-layer (L2-L4) neurons project axons within the cortex. The non-spiny interneurons, which are highly diverse in morphology, neurochemistry and electrophysiology, project axons within a local circuit. Subtypes of interneurons also display laminar preferences, thereby contributing to layer differences in cortical circuitry. Adapted from Jones (Jones, 1986) . (Fig. 3A,B) . Reeler mice lack reelin (RELN), an extracellular matrix glycoprotein that is secreted mainly by MZ Cajal-Retzius cells (see Glossary, Box 1) over the period of cortical neuron migration. Research since the original discovery of the Reln gene has uncovered many components of its signaling pathway. The definitive role of RELN in neuronal migration and layer formation, however, has remained elusive. Furthermore, although the requirement for the Reln signaling pathway in this late step of migration seems to be shared amongst all projection neurons, whether neurons of different subtypes or layers have additional distinct molecular requirements for positioning in their appropriate laminar destination remains an unresolved question.
SP is inverted
Generation and migration of neocortical inhibitory interneurons
Unlike the projection neurons, the inhibitory interneurons of the cerebral cortex are generated from distinct progenitor cells in the germinal zones of the ventral forebrain, mainly within the medial and caudal ganglionic eminences (MGE and CGE; see Glossary, Box 1) (Anderson et al., 1997; Nadarajah and Parnavelas, 2002; Marín and Rubenstein, 2003; Xu et al., 2004; Wonders and Anderson, 2006) . They then undergo tangential migration into the dorsal forebrain, primarily taking routes both above and below the CP. Recently, it has been shown that chemokine signaling involving C-X-C motif ligand 12 (CXCL12) and its receptors CXCR4 and CXCR7 regulates the tangential migratory stream of interneurons (Sessa et al., 2010; Sánchez-Alcañiz et al., 2011; Wang et al., 2011) . Although it has been suggested that some interneurons are derived from dorsal progenitors in the human fetal neocortex (Letinic et al., 2002; Yu and Zecevic, 2011) , certain human interneuron subtypes are probably generated in the ventral telencephalon and enter the cortex via tangential migration (Fertuzinhos et al., 2009) . Upon arrival in the neocortex, interneurons migrate radially to enter the CP (Nadarajah and Parnavelas, 2002; Ang et al., 2003; Yokota et al., 2007a) Prior to the onset of neurogenesis, neural progenitors (NPs) in the ventricular zone (VZ; blue) of the developing neocortex divide symmetrically to expand the progenitor pool, undergoing interkinetic nuclear migration (IKNM) as they progress through the cell cycle. Starting at ~E11.5, NPs assume radial glial morphology and begin dividing asymmetrically to generate neurons, which migrate from the germinal zones guided by radial glia cells (RGC) to reach the mantle layers. The first projection neurons settle within the preplate (PP) to form the nascent cortical plate (CP), which will subsequently become layers (L) 2 to 6 of the neocortex. Additional incoming CP neurons then split the PP into the marginal zone (MZ) and the subplate (SP). As neurogenesis progresses, diverse subtypes of projection neurons are generated sequentially through successive asymmetric divisions of NPs. Thus, neurons destined for the SP are generated first, followed by those destined for the deep layers (L6 and L5; red), and finally, those destined for the upper layers (L4, L3 and L2; green). The migration of newborn neurons into the CP occurs in an inside-first, outside-last manner; early-born neurons form the deep layers, whereas later-born neurons migrate past older neurons to form more superficial layers. Therefore, the cortical layers are sequentially generated in an 'inside-out' fashion. Some daughter cells of NPs become intermediate progenitor cells (IPCs), migrating away from the VZ and undergoing symmetric neurogenic divisions in the SVZ. This mode of neurogenesis contributes significantly to upper layer neurons. At the end of neurogenesis at ~E17.5, the radial scaffold is dismantled and NPs become gliogeneic, generating cortical and subependymal zone (SEZ) astrocytes (Ast) and giving rise to a layer of ependymal cells (EL). The tangential migration and laminar positioning of interneurons are not illustrated. BV, blood vessel; CR, Cajal-Retzius neuron; DL Pyr, deep-layer pyramidal neuron; IZ, intermediate zone; UL Pyr, upper-layer pyramidal neuron, WM, white matter. REVIEW Development 139 (9) subtype, origin and birthdate during early postnatal development (Miyoshi et al., 2010; Miyoshi and Fishell, 2011) . The molecular basis of their laminar and areal preference, and integration with their radially derived counterparts, remains to be fully explored. Recent evidence suggests, however, that a laminar-specific transcription factor functioning in projection neurons might play a non-cell-autonomous role in the positioning and distribution of tangentially derived interneurons (Lodato et al., 2011) .
Neuronal birthdate, migration and laminar identity are linked
Because of the sequential nature of cortical projection neuron generation from single progenitor lineages, neuronal birthdate is directly linked to laminar position, molecular identity and axonal connectivity and, hence, eventual physiological function. Therefore, it is theoretically possible for these aspects of neuronal position and identity to be wholly specified at the time of neuronal birth. Studies of the Reeler mutant have provided crucial insights into the relationship between neuronal birthdate, position and identity. Within the inverted neocortex of Reeler mutants, projection neurons maintain the molecular and projection identity typical of their birthdate, rather than that of their ectopic laminar position, suggesting that the specification of distinct neuronal cell types is intimately linked to their birthdate (Steindler and Colwell, 1976; Caviness, 1982; Rice and Curran, 2001; Tissir and Goffinet, 2003) . Recent evidence suggests, however, that identity is not wholly specified at the time of neuronal birth and that post-mitotic determinants, mostly transcription factors, also play a role in regulating lamina-and area-dependent molecular identity and projections (Hevner et al., 2001; Alcamo et al., 2008; Lai et al., 2008; Britanova et al., 2008; Joshi et al., 2008; Kwan et al., 2008; Bedogni et al., 2010; Han et al., 2011; McKenna et al., 2011) . Interestingly, many of these post-mitotic transcriptional programs also control the layer positioning of neurons by participating in the late stages of neuronal migration (Hevner et al., 2001; Britanova et al., 2008; Kwan et al., 2008) . These findings together suggested that distinct processes of projection neuron development might be regulated by shared molecular mechanisms, a possibility that had not been specifically explored. Examples of similar co-regulation can be found in cortical interneurons, in which neuronal migration, fate specification, and differentiation are known to be mediated by shared transcriptional programs involving members of the distalless homeobox (DLX) and NK2 homeobox (NKX) families (Anderson et al., 1997; Cobos et al., 2007; Butt et al., 2008; Nóbrega-Pereira et al., 2008) . Below, we discuss recent evidence supporting the view that, in projection neurons, the final steps of migration and the emergence of laminar identity are transcriptionally co-regulated, focusing on the layer-specific programs that concomitantly control the positioning of neurons and their cell type-specific properties. The potential downstream mediators of these transcriptional programs and how they might function in distinct aspects of projection neuron development are also discussed.
Transcriptional programs of neuronal positioning and identity
Genetic programs regulating early-born neurons
Early-born neurons occupy the deep layers of the neocortex and project mainly subcortical axons. Several gene expression studies have identified a number of genes, including those encoding transcription factors, that are selectively expressed or enriched in particular layers or subtypes of cortical projection neurons, Chen et al., 2005b; Sugino et al., 2006; Heiman et al., 2008) . Among these is sex determining region Y-box 5 (Sox5), which encodes a member of the large family of SOX transcription factors. SOX5 is specifically expressed in post-mitotic SP and L6 projection neurons, and in a subset of L5 projection neurons, from E14.5 to the first postnatal week (Fig. 4A) , at which point some upper layer neurons also express SOX5 at low levels (Kwan et al., 2008; Lai et al., 2008) . Moreover, analyses of mice lacking Sox5 showed that Sox5 regulates the migration, molecular differentiation, and axonal projections of deep-layer neurons (Kwan et al., 2008; Lai et al., 2008) . Throughout embryonic development, SOX5 is absent from progenitor cells of the cortical VZ and SVZ and newly born migrating neurons of the IZ, indicating that SOX5 functions by controlling post-mitotic, late-stage migratory events. Consistent with its expression pattern, SOX5 is required for the expression of connective tissue growth factor (Ctgf) in SP neurons and refines the layer-specific molecular identity of deep-layer neurons by downregulating the genes encoding two transcription factors, fez family zinc finger 2 (Fezf2, formerly Fezl or Zfp312) and B cell leukemia/lymphoma 11B (Bcl11b, formerly Ctip2), that are specifically enriched in L5 (Fig. 4B ) and which become aberrantly overexpressed in L6 and SP neurons in Sox5-deficient mice (Kwan et al., 2008; Lai et al., 2008) . Furthermore, SOX5 is critical for the development of layer-dependent corticofugal connectivities; in Sox5-deficient mice, corticothalamic axons arising from SP and L6 neurons are misrouted to the hypothalamus. Paradoxically, despite exhibiting an upregulation of Fezf2 and Bcl11b, which are each required for L5 subcortical axon development Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) , Sox5-deficient mice lack projections to the pons and spinal cord (corticospinal tract) (Kwan et al., 2008) . Concomitant with its role in regulating layer-specific patterns of molecular identity and projections, SOX5 specifically controls the laminar position of early-born projection neurons destined for the SP and deep cortical layers. In Sox5-deficient mice, many SP neurons do not separate from the MZ during PP splitting (Fig. 3C) , and they become ectopically positioned at the upper edge of L2 (Kwan et al., 2008; Lai et al., 2008) . Furthermore, Sox5 is required for the migration of deep-layer neurons past earlier-born neurons to settle more superficially during the final step of migration. Therefore, in Sox5-deficient mice, the deep cortical layers exhibit a laminar inversion similar to the Reeler phenotype (Rice and Curran, 2001) . Unlike Reeler and related mutants, however, lateborn upper-layer neurons in the Sox5-deficient neocortex migrate normally. This first example of a specific inversion of the deep layers indicates that the mechanisms enabling migration past earlier born neurons are not shared by projection neurons of all layers. How SOX5 mediates cell-type specific requirements in neuronal migration remains to be explored. This role is, however, likely to be unrelated to RELN expression, which is normal in Sox5-deficient mice (Kwan et al., 2008; Lai et al., 2008) , or to SOX5 regulation of Fezf2 or Bcl11b, because knockout mutants of these genes exhibit no defects in neuronal migration Chen et al., 2005a; Molyneaux et al., 2005) . SOX5 might control migration programs specific to deep-layer neurons or those that are common to all projection neurons but transcriptionally driven by distinct pathways in upper-layer neurons. Furthermore, whether early-born neurons non-cell-autonomously affect the migration of late-born neurons remains an open question. The early-born neuron-specific migration defects in Sox5-deficient mice suggest that neither an intact SP nor properly arranged deep layers are required for the correct positioning and formation of the upper cortical layers.
Another transcription factor that co-regulates multiple aspects of early-born neuron development is T-box brain factor 1 (TBR1). Analyses of mice lacking Tbr1 revealed that Tbr1 is required for a number of cortical developmental processes, including laminar positioning, molecular differentiation and axonal pathfinding (Hevner et al., 2001; Han et al., 2011; McKenna et al., 2011) . TBR1 is selectively expressed in corticothalamic projection neurons positioned in L6 and in the SP, and in Cajal-Retzius neurons of the MZ (Fig. 4C) , starting from E12.5 (Hevner et al., 2001) . TBR1 is absent from VZ and SVZ progenitor cells, suggesting that, similar to SOX5, it functions in post-mitotic neurons that have reached the CP. The layer specificity of TBR1 expression decreases during the first postnatal week, when some upper-layer neurons begin to express TBR1 as well (Hevner et al., 2001; Bedogni et al., 2010; Han et al., 2011; McKenna et al., 2011) . Tbr1 controls the layer-specific pattern of molecular identity by suppressing the expression of Fezf2 and Bcl11b in L6 corticothalamic neurons (Han et al., 2011; McKenna et al., 2011) . As a result of ectopic upregulation of Fezf, L6 neurons of the Tbr1-deficient neocortex aberrantly project axons into the corticospinal tract. In addition, Tbr1 is required for the normal formation of the corticothalamic tract from L6 and SP neurons (Hevner et al., 2001; Han et al., 2011; McKenna et al., 2011) . TBR1 further regulates the regional identity of the neocortex (Bedogni et al., 2010) ; in Tbr1-deficient mice, caudal cortex marker genes exhibit expanded domains and increased expression levels at the expense of those marking the rostral cortex.
Concurrent with the emergence of molecular identity and axonal connectivity of deep-layer neurons, TBR1 also regulates neuronal migration and the proper formation of the six-layered neocortex (Hevner et al., 2001; Han et al., 2011; McKenna et al., 2011) . The migration defects in Tbr1-deficient mice, however, are complex and exhibit crucial differences compared with the inverted cortex of the Reeler mutant (Fig. 3B,D) . In particular, SP neurons form an ectopic band of cells in the middle of the CP that exhibits a rostral-caudal gradient, being more deeply positioned in the frontal cortex (Han et al., 2011) . In the caudal cortex, it is positioned more superficially in the upper CP, where ectopic clusters of deep-layer neurons are present (Hevner et al., 2001; Han et al., 2011) . These areal-dependent differences in migration phenotypes are consistent with a role for TBR1 in the regulation of regional identity (Bedogni et al., 2010) . Interestingly, in Tbr1-deficient mice, L5 neurons are more widely distributed throughout the CP, whereas upper-layer neurons are distributed bimodally, with a majority below the ectopic band of SP neurons and a significant minority reaching their normal positions in L2 and L3 (Hevner et al., 2001; Han et al., 2011) . As TBR1 protein is not significantly or widely expressed in upper-layer neurons during mouse embryonic development (Hevner et al., 2001; Han et al., 2011) , these defects are likely to be non-cell autonomous. The migration phenotype of the Tbr1-deficient neocortex might be, at least partially, attributed to decreased Reln expression (Hevner et al., 2001) . Consistent with the rostral-caudal differences in the location of the ectopic band of SP neurons and the presence of deep-layer neuronal clusters, Reln expression is more severely decreased in the caudal cortex of Tbr1-deficient mice (Bedogni et al., 2010) . Notably, Reln mRNA levels in these mice, even in the caudal cortex, were not completely lost but exhibited a decrease of ~50%. However, it has been shown that a massive loss of cortical Cajal-Retzius neurons, and a presumed severe decrease in RELN signaling, induced by genetic ablation of Cajal-Retzius progenitors does not affect layer formation (Yoshida et al., 2006) , suggesting that only a small amount of Reln is required for neuronal migration. In addition to the differences in the migration phenotypes of the Tbr1 and Reeler mutants, these data suggest that additional, as yet unknown, mechanisms downstream of Tbr1 mediate its layer-specific effects on neuronal migration.
Genetic programs regulating late-born neurons
Late-born cortical projection neurons are positioned in the upper layers and project axons within the cortex. Their arrival at the CP and their subsequent differentiation steps follow those of the earlier-born deep-layer neurons. Laminar positioning and identity of late-born neurons, however, are controlled by distinct transcription factors and transcriptional programs. Among them is special AT-rich sequence binding protein 2 (SATB2), which is a matrix-attachment region interacting transcription factor. Analysis of Satb2-deficient mice revealed that SATB2 controls multiple aspects of upper-layer neuron development Britanova et al., 2008) . It is highly enriched in post-mitotic corticocortical projection neurons of L2-L5 (Fig. 4D) , starting at E13.5 in newly born neurons as they migrate out of the germinal zones and into the IZ Britanova et al., 2008) . SATB2 is a positive transcriptional regulator of a number of layerspecific markers of corticocortical projection neurons, including cut-like homeobox 2 (Cux2), cadherin 10 (Cdh10) and RARrelated orphan receptor beta (Rorb) . In Satb2-deficient mice, the expression of the L5 subcortical projection marker Bcl11b is ectopically upregulated in the upper layers Britanova et al., 2008) . Consistent with these changes in molecular identity, corticocortical projection neurons in the absence of Satb2 misroute their axons to subcortical targets, leading to agenesis of the corpus callosum Britanova et al., 2008) . Recently, Satb2 has also been shown to control the dendritic arborization of upper layer neurons (Zhang et al., 2011) , indicating a broader role during neocortical development.
The role of Satb2 in neuronal migration, similar to its role in the control of neuronal identity and projections, is layer dependent. In Satb2-deficient mice, early-born neurons migrate normally to the SP and deep cortical layers. A large proportion of late-born upperlayer neurons in the perinatal cortex, however, are stalled in the IZ (Fig. 3E) , failing to enter the CP Britanova et al., 2008) . Surprisingly, this neuronal migration defect is corrected within the first postnatal week, as most late-born neurons lacking Satb2 eventually reach their normal positions in the upper layers (Britanova et al., 2008; Zhang et al., 2011) , indicating that the migration of upper layer neurons is not altogether defective, but is delayed in the absence of Satb2. The mechanisms that regulate the timing of the arrival of neurons to their proper CP location are unknown. It is possible that Satb2 controls layer-dependent programs that regulate the speed of neuronal migration. The possibility of upper layer-specific control of migration speed is consistent with the greater distance that these neurons must traverse, compared with their earlier-born counterparts, to reach their correct CP destination.
Upper-layer neuronal migration and identity are also regulated by POU3F2 (formerly BRN-2) and POU3F3 (formerly BRN-1), two related POU domain transcription factors that play overlapping roles during development of the neocortical layers (McEvilly et al., 2002; Sugitani et al., 2002) . Pou3f2 and Pou3f3 are expressed in the projection neurons of L2-L5 (Fig. 4E,F) , starting at E14.5 in the progenitor cells that give rise to these neurons and persisting throughout migration and post-migratory differentiation (McEvilly et al., 2002; Sugitani et al., 2002) . The double-deletion of Pou3f2 and Pou3f3 reduces the expression of some upper layer-specific markers, including RAR-related orphan receptor beta (Rorb) and sortilin-related receptor, LDLR class A repeats-containing (Sorl1, formerly mSorLA) (Sugitani et al., 2002) . The expression of molecular markers for L6 and SP neurons, however, is normal (McEvilly et al., 2002; Sugitani et al., 2002) , indicating that Pou3f2/3 affects layer-dependent molecular identity, probably in a cell-autonomous manner. The role of Pou3f2/3 in the positioning of neurons is also neuronal subtype dependent. In Pou3f2/3 double knockout mice, the SP is properly segregated from the MZ during PP splitting and the relative positioning of L6 and SP neurons is normal (Fig. 3F) . The double deletion of Pou3f2/3, however, reduces VZ and SVZ proliferation starting from E14.5, thus selectively affecting the generation of late-born neurons. The remaining neurons that are generated, although fewer in number, are able to migrate out of the germinal zones and express some markers of differentiated neurons (McEvilly et al., 2002; Sugitani et al., 2002) . Their further migration, however, is defective, as they fail to surpass SP and L6 neurons during migration and cluster ectopically below the SP, which is thus displaced to a more superficial position (McEvilly et al., 2002; Sugitani et al., 2002) .
The selective effects of Pou3f2 and Pou3f3 on the migration of the L2-L5 neurons in which they are expressed suggest that they function cell autonomously. Two mechanisms have been proposed to function downstream of Pou3f2/3 in regulating neuronal migration, one involving IL12A (p35) and CDK5R2 (p39), which are activators of cyclin-dependent kinase 5 (Cdk5) (McEvilly et al., 2002) , and another mechanism involving disabled homolog 1 (DAB1), a cytoplasmic effector of Reln signaling (Sugitani et al., 2002 ). The precise contribution of these respective pathways to the Pou3f2/3 phenotype remains to be fully explored. The layerdependent migration phenotype of Pou3f2/3 double knockout mice closely resembles that observed following disrupted CDK5 signaling (Gilmore et al., 1998; Ko et al., 2001) , and POU3F2 has been shown to directly bind the promoter regions of Il12a and Cdk5r2 (McEvilly et al., 2002) . However, the differences between the Pou3f2/3 double knockout defects and the complete laminar inversion of Reln or Dab1 signaling mutants (Rice and Curran, 2001 ) might be explained by the age-dependent loss of Dab1 expression in Pou3f2/3 mutants; Dab1 is only severely reduced from E15.5 onwards in these mutants (Sugitani et al., 2002) , which is consistent with the observed normal migration of early-born neurons and suggests that these neurons utilize alternative, nonPou3f2/3 mechanisms to drive the expression of Dab1. Therefore, Pou3f2/3 provides an example of layer-specific transcriptional control of a general migration mechanism, the disruption of which leads to lamina-dependent migration defects.
Layer-dependent transcriptional programs regulating interneurons
The proper positioning of cortical interneurons, which are generated in the ventral telencephalon, requires two modes of neuronal migration: tangential migration, by which interneurons reach the dorsal telencephalon, and radial migration, by which interneurons populate each layer of the neocortex. The laminar distribution of distinct subtypes of interneurons has been shown to depend on both their place of origin and their birthdate (Miyoshi and Fishell, 2011) . Interestingly, layer acquisition by cortical interneurons is largely independent of RELN signaling (Pla et al., 2006) and might rely on established laminar differences in the radially derived projection neurons. Consistent with this possibility, a recent study has shown that the layer-specific expression of Fezf2 indirectly controls acquisition of specific subpopulations of cortical interneurons within that layer (Lodato et al., 2011) . Fezf2 encodes a zinc-finger transcription factor that regulates the molecular and projection identity of deep-layer subcortical projection neurons (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . Highly enriched in L5, it is required for the formation of subcortical axon tracts, including the corticospinal tract (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) , and its misexpression in upper-layer neurons induces ectopic subcortical projections (Chen et al., 2005b) . Fezf2 is known not to be required for the migration of projection neurons; the arrangement and positioning of layers are normal in the Fezf2-deficient neocortex (Chen et al., 2005a; Molyneaux et al., 2005 ) and neuronal migration is unaffected when FEZF2 is selectively knocked down in projection neurons (Chen et al., 2005b) . The overexpression of Fezf2 in deep-layer neurons, most of which endogenously express Fezf2, was shown to arrest the migration of neurons in the IZ , although this phenotype was not observed when Fezf2 was mis-expressed in upper-layer neurons using a weaker promoter (Chen et al., 2005b) . A recent report describes evidence to suggest that Fezf2 is required for the lamination of interneurons (Lodato et al., 2011) . In the Fezf2-deficient cortex, the number of somatostatin-and parvalbuminexpressing interneurons is significantly and specifically reduced in L5, indicating that loss of Fezf2-dependent L5 identity alters the distribution of subclasses of interneurons. Strikingly, these interneurons are recruited, in a neuronal subtype-dependent manner, to periventricular ectopic aggregates induced by Fezf2 overexpression or amyloid precursor protein knockdown (Lodato et al., 2011) . This work represents the first report that regulation of the layer-specific pattern of projection neuron molecular identity affects the laminar distribution of interneurons and, hence, the organization and integration of excitatory and inhibitor neurons into functional neural circuits.
Clinical relevance
Defects in neuronal migration can lead to severe brain malformations in humans (Liu et al., 2008; Manzini and Walsh, 2011) . In addition to gross abnormalities, alterations in the radial migration of projection neurons can more subtly affect the columnar organization of the neocortex (Rakic, 1988; Mountcastle, 1997; Kwan et al., 2012) . Defective arrangement of cortical minicolumns, which have been hypothesized to form the basic unit of functional cortical circuitry, has been described in autistic and schizophrenic brains (Casanova et al., 2003) . Other alterations in neuronal migration have also been associated with developmental psychiatric disorders (Geschwind and Levitt, 2007) . One recent study found evidence of migration defects present in a significant proportion of autistic brains (Wegiel et al., 2010) . Furthermore, the loss of contactin associated protein-like 2 (CNTNAP2, formerly CASPR2), which has been implicated in autism spectrum disorders (ASD), leads to migration defects in both mice and humans (Strauss et al., 2006; Peñagarikano et al., 2011) . Although not definitive, neuronal migration defects have also been associated with schizophrenia (Akbarian et al., 1996; Anderson et al., 1996; Eastwood and Harrison, 2005; Yang et al., 2011) . Furthermore, disrupted in schizophrenia 1 (DISC1), genetic variations of which have been found to correlate with psychotic and bipolar spectrum disorders and underlying cognitive impairments (Millar et al., 2000; Palo et al., 2007; Nicodemus et al., 2010) , can modulate neuronal migration and connectivity in the neocortex (Kamiya et al., 2005; Kamiya et al., 2008; Jaaro-Peled et al., 2009; Kubo et al., 2010) . Consistent with the notion that neuronal positioning and identity are mechanistically linked and that both are required for normal circuit formation, sequence and copy number variations in the genes encoding key transcription factors modulating positioning and identity (POU3F2, POU3F3, SATB2, SOX5 or FEZF2) have been found in patients with developmental and language delays, intellectual disability, schizophrenia or ASD (Bacchelli et al., 2003; Potkin et al., 2009; Rosenfeld et al., 2009; Rosenfeld et al., 2010; Cooper et al., 2011; Sanders et al., 2011; Lamb et al., 2012) . These variations are likely to contribute to an increased burden for a spectrum of cognitive and motor neurodevelopmental disorders. Although TBR1 has not been genetically linked to a psychiatric disease, in mouse, Tbr1 controls
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Development 139 (9) REVIEW Development 139 (9) the neocortical expression of Auts2, an ortholog of a human autism susceptibility gene (Bedogni et al., 2010) . Thus, alterations in the transcription factors that concomitantly regulate the laminar position and neuronal identity of cortical neurons have been associated with a broad spectrum of psychiatric disorders (summarized in Table 1 ).
Conclusions
The assembly of neocortical layers and neuronal circuits requires exquisite regulation of many developmental processes. The functional segregation of neocortical circuitry into horizontal layers probably facilitates the integration and processing of inputs and the generation of appropriate outputs. Importantly, alterations to this laminar organization can contribute to psychiatric and neurological disorders. Here, we discussed how the two critical processes of layer formation, the migration of young neurons into the correct laminar positions within the emerging neocortex and the acquisition of layerspecific identity and connectivity, are concomitantly regulated by shared transcriptional mechanisms. Nearly every aspect of neocortical development has been shown to be under some form of transcriptional regulation (Monuki and Walsh, 2001; Hevner et al., 2006; Mallamaci and Stoykova, 2006; Guillemot, 2007; Hébert and Fishell, 2008; O'Leary and Sahara, 2008) . Interestingly, coregulation of multiple cortical developmental processes by the same transcription programs is not limited to neuronal migration and layer specification. For example, the basic helix-loop-helix (bHLH) transcription factor neurogenin 2 (NEUROG2, formerly known as NGN2) controls not only the genesis of projection neurons (Guillemot, 2007) , but also their migration via regulation of Rho GTPase 2 (Rnd2) (Heng et al., 2010; Pacary et al., 2011) . The control of neuronal migration and morphology via regulation of Rnd2 also requires nuclear receptor subfamily 2, group F, member 1 (Nr2f1, formerly Coup-tf1) (Alfano et al., 2011) , which is critical to neocortical arealization (O'Leary and Sahara, 2008) . Furthermore, paired box 6 (PAX6) and nuclear receptor subfamily 2, group E, member 1 (NR2E1, formerly TLX) cooperate to regulate both the regionalization of the neocortex and the generation of upper-layer neurons by specifying SVZ progenitors (Tarabykin et al., 2001; Land and Monaghan, 2003; Schuurmans et al., 2004) . Therefore, pleiotropism appears to be a shared property of transcriptional regulation in neocortical development.
Another emerging theme of transcriptional control of lamination is that layer-specific programs may regulate shared, seemingly lamina-independent aspects of neuronal differentiation, such as dendrite and spine development. For example, the apical dendrites of both upper and deep layer neurons exhibit arborization near the MZ and are decorated by spines. In upper layer neurons, however, the upper layer-specific cut-like homeobox proteins CUX1 and CUX2 (Cubelos et al., 2010) regulate spine morphology and synaptogenesis, whereas SATB2 controls dendritic arborization (Zhang et al., 2011) . The absence of these factors from the deep layers suggests that dendrite development and spine formation in deep-layer neurons are controlled by distinct, CUX-and SATB2-independent mechanisms, further supporting the notion that shared developmental processes might be transcriptionally driven in a layer-dependent manner.
In addition to the transcriptional programs discussed here, posttranscriptional mechanisms also fine tune the precise spatiotemporal patterns of protein expression required for normal neocortical development. One example of such a posttranscriptional regulator is neuro-oncological ventral antigen 2 (NOVA2), which is an RNA-binding protein that modulates neuronal migration by regulating the alternative splicing of Dab1 (Yano et al., 2010) . Recently, we have shown that another RNAbinding protein, the fragile X mental retardation protein (FMR1, also known as FMRP), post-transcriptionally regulates the layerand area-specific protein expression of neuronal nitric oxide synthase 1 (NOS1) in the mid-fetal human neocortex (Kwan et al., 2012) . Therefore, the intricate regulation of neocortical developmental processes requires a combination of transcriptional and post-transcriptional mechanisms.
As disruptions to either neuronal migration or layer specification can lead to defective lamination, their co-regulation by the same molecules, especially transcription factors, might be advantageous. Transcription factors can affect the global gene expression of a cell by orchestrating, directly or indirectly, the activation and repression of different subsets of genes, thereby simultaneously mediating multiple cellular processes. Future experiments should be aimed at the identification and functional characterization of the downstream targets of these transcription factors, which will help to dissect the commonly regulated pathways mediating neuronal migration and identity acquisition. These downstream effectors are likely to be diverse in identity and function, as they contribute to a wide range of cellular and molecular processes. There might, however, be some common themes. For example, both neuronal migration and axon guidance require modulation of cytoskeletal dynamics, perhaps in response to certain external cues. Whether these downstream pathways may also be shared or used in a contextdependent manner between multiple processes remains to be explored. Together, the evidence presented in this review suggests that transcriptional co-regulation of distinct developmental processes, such as neuronal migration and identity specification, contributes significantly to neocortical organization and the establishment of functional neuronal circuits. Further evidence that this mode of regulation might play a major role in the development of human neocortical circuits is likely to come from additional characterization of potential changes in lamination and connectivity in human neurodevelopmental disorders. 
POU3F2
Intergenic SNP linked to schizophrenia in GWAS (Potkin et al., 2009) 
POU3F3
Falls within interval of de novo deletion CNV in 2q12.1-q13 in ASD (Sanders et al., 2011) 
SATB2
Microdeletion in syndrome with mental retardation, hyperactivity, and aggression (Rosenfeld et al., 2009 ) Disrupted by balanced translocation in case of ASD with dyspraxia (Marshall et al., 2008) 
SOX5
Deletions have been associated with intellectual disability and language delay (Lamb et al., 2012) A deletion CNV has been linked to ASD (Rosenfeld et al., 2010) 
TBR1
Increased expression in the prefrontal cortex of bipolar patient brain (Molnar et al., 2003) Regulates the expression of autism susceptibility gene AUTS2 (Bedogni et al., 2010 ) FEZF2 SNP in conserved proximal 5Ј region associated with ASD in GWAS (Wang et al., 2009) ASD, autism spectrum disorder; CNV, copy number variation; GWAS, genome-wide association study; SNP, single nucleotide polymorphism.
